Significant amounts of methylmercury (MeHg) can bioaccumulate in fish and sea mammals. To monitor MeHg exposure in individuals, organic and inorganic mercury are often measured in blood samples or in hair strands, the latter being by far the best integrator of past exposure. With knowledge of the MeHg kinetics in humans, the levels of both biomarkers can be related to MeHg body burden and intakes. In the present study, we use the toxicokinetic model of Carrier et al. (2001) describing the distribution and excretion of MeHg in humans, to reconstruct the history of MeHg intakes of indigenous women of the Inuvik region in Canada starting from total mercury concentrations in hair segments. From these reconstructed MeHg intakes, the corresponding simulated mercury blood concentrations are found to be good predictors of the concentrations actually measured in blood samples. An important conclusion of this study is that, for almost all subjects, the reconstructed history of their MeHg intakes provides much lower intake values than intakes estimated from questionnaires on food consumption and estimated MeHg levels in these foods; the mean value of the reconstructed MeHg intakes is 0.03 mg/kg/day compared with the mean value of 0.20 mg/kg/day obtained from questionnaires. The model was also used to back-calculate the MeHg intakes from concentrations in hair strands collected from aboriginals of the Amazon region in Brazil, a population significantly more exposed than the population of the Inuvik region.
Introduction
The 1956 industrial mercury spillage in the bay of Minamata in Japan has irrefutably demonstrated the harmful effects of acute methylmercury (MeHg) exposure on the human nervous system (Tsubaki and Irukayama, 1977) . In 1971, another major incident of MeHg poisoning occurred in Iraq; the use of barley and wheat seed treated with mercury fungicides induced severe cases of poisoning following the consumption of bread made from the contaminated grains (Bakir et al., 1973) . This incident confirmed the neurological effects of MeHg on the fetus of the exposed mothers (Marsh et al., 1980 (Marsh et al., , 1981 .
Nowadays, the major source of MeHg exposure is through the consumption of contaminated fish (World Health Organization (WHO), 1990) . Populations that get a substantial amount of their food through subsistence fishing, such as Canadian aboriginals, have the potential to be highly exposed to MeHg. Many epidemiological surveys have been conducted to monitor the level of MeHg exposure in these populations with the aim of limiting the health hazards arising from their diet (Mc Keown-Eyssen and Ruedy, 1983; Wheatley and Paradis, 1996; Dewailly et al., 2001; Muckle et al., 2001) . The MeHg exposure can be inferred from biomarker levels expressed as the concentration of total mercury (organic and inorganic form) in blood and/or in hair samples. The MeHg consumption can also be assessed by estimating the daily intake of MeHg by means of a questionnaire about the past ingestion of food potentially contaminated with MeHg or from an analysis of a duplicate diet during a given period. In order to evaluate the associated health hazards of MeHg intake, these MeHg exposure markers are compared with reference values proposed by public health and environmental organizations (WHO, 1990 ; United States Environmental Protection Agency (USEPA), 1997; Health Canada, 1998; Food and Agriculture Organization of the United Nations (FAO), 2003) . These values, which are based on scientific investigations of the plausible relations between the levels of MeHg biomarkers and the harmful effects on human health, are considered acceptable by those organizations.
To relate the levels of MeHg biomarkers to the corresponding daily intakes of MeHg, an empirical onecompartment kinetic model describing the fate of MeHg in the human body has so far been used (WHO, 1990; USEPA, 1997; FAO, 2003) . More often than not, the steady-state conditions (i.e., the intake equals the excretion) are assumed in establishing the relationship, resulting in a constant ratio between the MeHg daily intake and the total mercury measured in the biological matrices. However, since the amounts of MeHg measured in fish fluctuate greatly (Morgan et al., 1997) and the consumption patterns of fish and sea mammals vary with seasons (Sherlock et al., 1982) , the MeHg exposure generally varies too much throughout time to satisfy the conditions of steady state. This exposure variation is identified by the variable total mercury levels measured in sequential segments of hair strands of individuals from fish-eating populations (Phelps et al., 1980; Dolbec et al., 2001) .
Recently, a biologically based dynamical model was developed by Carrier et al. (2001) to predict in humans the distribution and elimination of MeHg and its inorganic metabolite for a variety of MeHg ingestion scenarios. This model can relate MeHg daily intakes to the total mercury levels measured in accessible biological matrices. The model follows the dynamics of intakes and elimination, without steady-state assumptions, for any dietary exposure scenario and any data collection time. The toxicokinetic model of Carrier et al. (2001) is based on a system of differential equations where each equation describes the evolution of the organic or inorganic mercury burden in a compartment. Each compartment stands for either a single organ or a group of organs or tissues. An input function incorporated in the differential equation of the gastrointestinal compartment allows simulations of any oral MeHg exposure scenario. This function represents the variable rate of MeHg daily intakes during a chosen period, a daily intake being the total of the amounts of food ingested multiplied by their respective MeHg concentrations. The values of the model parameters in Carrier et al. (2001) were determined using the available published data of the in vivo time profiles of total mercury in blood and in hair of volunteers orally exposed to MeHg. These profiles were obtained from several experimental studies on healthy men and women (Aberg et al., 1969; Miettinen et al., 1971; Birke et al., 1972; Kershaw et al., 1980; Sherlock et al., 1984; Smith et al., 1994) .
Before proceeding with the reconstruction of MeHg intakes in aboriginal populations, the present study seeks to understand the impact of the toxicokinetics of organic and inorganic mercury on the determination of amounts of MeHg ingested that can be inferred from the concentrations of total mercury measured in biological matrices. For this purpose, the model of Carrier et al. (2001) was used to investigate the relationships between MeHg intake and biomarker levels for different exposure scenarios, particularly those where steady-state conditions are far from being attained. Also, the variability in MeHg biomarker levels stemming from the interindividual variability of the MeHg blood elimination half-life and of the ratio between the total mercury concentration in hair and that in blood was assessed. Similarly, the effect of various collection times postexposure on MeHg biomarker levels were examined.
Using the model and the measured concentrations of total mercury in sequential centimeters (cm) of hair strands, reconstruction of the likely monthly MeHg intakes was carried out for indigenous populations of Canada and Brazil without the need for knowledge of their dietary habits.
Methods
For the present study, the differential equation system of the toxicokinetic model of Carrier et al. (2001) was programmed in MathCad 2000 Professional (MathSoft Inc., Cambridge, MA, USA). The mathematical resolution of the differential equation system, with the input function describing an ascribed ingestion sequence, was based on the numerical method of Runge-Kutta included in this software. All model simulations were carried out with the mean parametric values presented in Carrier et al. (2001) , except when assessing the impact of the interindividual variability of the elimination half-life of MeHg in blood and of the ratio between total mercury concentration in hair and that in blood. Since the model is based on the conservation of mass in the system at all times, it predicts initially the amounts of organic or inorganic mercury in each model compartment. To convert mercury blood amounts to concentrations, blood volume was taken to be 8.2% of the body weight (BW) (Brown et al., 1997) . Also, to depict the time profiles of total mercury levels in hair, it was assumed that hair grew at the rate of 1 cm/ month (WHO, 1990) .
Main Factors Governing Levels of MeHg Biomarkers
MeHg blood elimination half-life Carrier et al. (2001) determined averages for this parameter by fitting their kinetic model to time-profile data observed in controlled intake studies. Average MeHg blood elimination half-lives of 47.1, 50.2, 50.2, 51.7 and 54.8 days were, respectively, obtained from the data of Aberg et al. (1969) , Miettinen et al. (1971) , Kershaw et al. (1980) , Sherlock et al. (1984) and Smith et al. (1994) . The underlying MeHg demethylation rate (AlShahristani and Shihab, 1974; Al-Shahristani et al., 1976) is subject to large variations among individuals and is plausibly the most determinant parameter for the elimination of MeHg from blood (WHO, 1990) . To address this large variation, we allowed the MeHg blood elimination half-life to vary from 39 to 70 days, based on the extreme values measured in subjects under controlled and uncontrolled intake exposures (WHO, 1990) . Its impact on the maximum total mercury concentration in blood and, in turn, in hair was examined for individuals ingesting MeHg under different exposure scenarios.
Ingestion sequence Before attempting reconstruction of individual intake histories, it was deemed useful to assess the impact of the time sequence of ingestion on the time course of biomarkers. The kinetic profiles of total mercury concentrations in blood and in hair were simulated for different durations of MeHg ingestion and different ingestion rates. These template scenarios represent individuals consuming either a single meal contaminated with MeHg or the same meal every day for 1 week, 1 month, 3 months and 21 months (only after this latter length of time is the steady state practically attained). The progression of total mercury in biological matrices was also simulated for individuals ingesting one contaminated meal per week during 3-and 14-month period. Every meal corresponded to an arbitrary dose of 1 mg of MeHg/kg of BW and the MeHg background before the onset of exposure was considered nil. Also, the ratios of total mercury concentration in the first centimeter of hair closest to the root to total mercury concentration in the corresponding blood sample were evaluated as function of collection times and exposure scenarios. The concentration of total mercury in the first centimeter closest to the scalp was retained in the analysis of hair-to-blood ratio because it is available in almost all the exposed individuals; also, this concentration reflects the integration of blood exposure during the month just prior to collection.
Ratio between the total mercury concentration in hair and that in blood In Carrier et al. (2001) , the values of the transfer rates of organic and inorganic mercury from blood to hair were determined from the mean data set of Kershaw et al. (1980) on the time courses of total mercury in the hair and blood of exposed volunteers. Since these model parameters mainly govern the ratio between the total mercury concentration in hair and that in blood, sensitivity tests on these transfer rates were implemented to establish the impact of variability of the hair-to-blood ratio on the MeHg biomarker levels. Simulations of the exposure scenarios presented above were executed by varying by 750% the mean values presented in Carrier et al. (2001) . This variation was chosen based on the data set of Walker et al. (2002) described in the section below.
Reconstruction of MeHg Intakes in Indigenous Populations
Two databases of MeHg biomarkers were supplied to our research team. These databases originated from MeHg exposure studies on indigenous populations living in Canada and in Brazil.
Indigenous population from Canada From June 1st 1998 to June 1st 1999, 104 pregnant Inuit women, between ages of 15 and 45 years, agreed to participate in a biomonitoring study on environmental contaminants (Walker et al., 2002) . These women were from communities in the Inuvik region of the Northwest Territories, Canada. The day of delivery, samples of maternal blood and strands of hair were collected. Total mercury concentration was measured in blood samples and in each consecutive segment of 1 or 2 cm cut in the strand of hair. The limit of detection for the concentration of total mercury in blood was 0.2 mg/l, and for hair it was 0.4 mg/g. In addition, Walker et al. (2002) distributed to these women a dietary questionnaire about their food consumption and estimated thereafter their average daily intake of MeHg from the amount of each food item multiplied by its known MeHg concentration. The available database provides the concentration in hair for 80 women, the concentration in blood for 94 women and the average daily intake as assessed from the questionnaire for 86 women.
Since the concentration of total mercury in each segment of hair represents an integration over time of the mercury transferred from blood to hair roots during the period corresponding to the segment growth, indirect information about past MeHg exposure is thus available for women who provided hair samples. Of course, the period for which the exposure history can be estimated was determined by the length of the collected hair strand. In the present work, the model of Carrier et al. (2001) was used to estimate the temporal profile of MeHg daily intakes starting from total mercury concentrations in hair strands. These back-calculations were carried out by iterations, varying the estimated MeHg intake rates until an optimal adjustment was achieved between model simulations and actual data on the total mercury concentration in each sequential segment of the hair strand. To fit the concentration of mercury in the segment at the tip of the hair strand (i.e., the segment corresponding to the most distant time for which past exposure to mercury can be estimated), the model simulations assumed that, before that month, the MeHg exposure occurred under steady-state conditions. Also, with the aim of not underestimating the MeHg intakes, the concentration in the segments of hair with no detectable mercury was set to the limit of detection. The MeHg daily intakes estimated through this back-calculation were later compared with the ones estimated from the food frequency questionnaire.
Using the model, the reconstructed temporal profile of MeHg consumption gave, for each woman providing a hair strand, an estimation of the total mercury concentration in blood on the day of childbirth. This simulated blood concentration was compared with the one measured in their blood sample. The comparison could meaningfully be carried out only for women whose mercury level in the first centimeter of hair cut closest to the root was above the limit of detection.
Indigenous population from Brazil A study was undertaken in the Amazon in Brazil with the aim of verifying the relationship between the nervous system dysfunction and levels of MeHg exposure in a fish-eating population (Lebel et al., 1996 (Lebel et al., , 1998 Dolbec et al., 2001 ). The targeted populations were natives who lived in Amazonian villages situated on the edge of the river Tapajo´s in Brazil. The MeHg exposure was evaluated by the total mercury concentration in collected hair strands. These strands were cut in segments of 1 cm, and the total mercury concentration was measured for every segment. The available database includes these concentrations for 108 aboriginals. For 45 of them, the hair was collected in 1995, and for the other 63, in 2000.
In the current study, the temporal profiles of daily MeHg intakes of 20 native men and women (pregnancy status not specified) were estimated by the same procedure as for the Inuvik women. The 20 individuals were chosen to afford representative levels of MeHg exposure in the cohort; to do so, two individuals were selected at random in every decile group. These deciles were ranked according to the average concentrations obtained upon pooling their hair segments.
Results

Main Factors Governing Levels of MeHg Biomarkers
MeHg blood elimination half-life Table 1 presents simulations of biomarker levels in exposed individuals with varying MeHg blood elimination rates. Increasing the residence time of total mercury in the body (longer MeHg blood elimination half-lives) results in an increase in maximum biomarker levels. For a chronic daily exposure, using a MeHg blood elimination half-life of 70 days, the maximums of the total mercury concentrations in hair and in blood are approximately 1.6 times higher than the ones obtained with a half-life of 39 days. This increase is, however, not noticeable for short exposure periods. In addition, the model simulations presented in Table 1 show that changing the MeHg blood elimination half-life has little impact on the hair-to-blood ratio.
Ingestion sequence The simulations of the temporal profiles of the total mercury concentration in blood show that the contaminated meals consumed during the days, and even the months preceding a blood sampling, significantly influence the blood concentration. For example, for an individual ingesting a daily meal equivalent to a dose of 1 mg MeHg/kg BW during 1 week, the model estimates the maximum concentration of total mercury in blood immediately after ceasing ingestion at 6.2 mg/l; this is, respectively, 3.7 and 7.8 times less than the maximum concentration attained at the end of 1 month or 3 months with the same daily dose. The model also showed that to attain a steady-state blood concentration, the daily exposure needs to occur for 21 Table 1 . Effect on the maximum concentration of total mercury in blood (mg/l) and in hair (mg/g) of variations in the value of the assumed metabolic rate of transformation of organic mercury into inorganic mercury. Reconstruction of methylmercury intakesmonths, which would result in a blood concentration of 68.3 mg/l. According to the model simulations, the total mercury concentrations in the first centimeter of hair cut closest to the root increases following a kinetic pattern similar to the one in blood. However, there is a time delay between the mercury level in blood and the concentration in the proximal cm hair segment as hair concentration stems from the average blood levels in contact with hair roots over 1 month. This timedelay effect diminishes only when the exposure conditions come close to steady-state conditions. The analysis of the time profiles of total mercury concentration in hair simulated for a single MeHg intake and for daily MeHg intakes during a week or a month shows that the maximum concentrations in the proximal cm of hair are reached about 1 month following the end of MeHg exposure, whereas, for daily intakes over 3 months, the maximum concentration in hair is reached 10 days after the end of exposure. Also, the simulated time profile of total mercury level in hair indicates that the steady state is attained after 21 months of a constant daily intake. If the ingestion of contaminated foods stops when steady state is reached, the maximum concentration in the proximal cm is obtained when the hair strand is collected on the termination day. Figure 1 presents the time profiles of total mercury concentration in blood and in hair following the onset of ingestion of one meal of 1 mg of MeHg/kg BW/week for periods of 3 and 14 months. Between each ingested contaminated meal (7 days), approximately 7% of total mercury in blood was eliminated; this appears in Figure 1 as oscillations in the time profiles of blood concentration. However, no oscillation in the hair concentration is observed given that the MeHg exposure remains the same month after month and the amount in each 1 cm of the hair strand stems from the integration of the total mercury levels in blood during the month corresponding to the 1-cm growth. As a result of the integration of MeHg blood exposure, the total mercury concentration in hair is approximately the same as the concentration that would be obtained following the daily ingestion of a meal of 0.14 mg of MeHg/kg BW instead of 1 mg MeHg/kg/week (i.e., 1 mg of MeHg/kg BW divided by 7). Figure 1 illustrates a detectable time delay between the maximum of the total mercury concentration in blood and the maximum in the proximal cm of hair for the weekly MeHg intakes throughout the 3 months intake, while no time delay was detectable for the weekly exposures for 14 months. For both duration periods, after the first month without MeHg ingestion, the concentrations in hair and blood follow similar decay profiles, showing that after this initial time period, a dynamical equilibrium sets in between blood and hair concentrations. This feature is also observed for all the daily exposure scenarios after 1 month following the last ingestion.
Ratio between the total mercury concentration in hair and that in blood Simulated ratios between the total mercury concentration in the first centimeter of hair closest to the root and the concentration in blood are presented in Table 2 for different durations of MeHg daily intake and time of collection. It can be seen that hair-to-blood ratio depends on the duration of MeHg intakes; it increases when the duration of exposure increases. The ratio is close to a constant value when exposure gets nearer to steady-state conditions, since the time delay observed between the blood and hair concentrations then decreases. According to the model of Carrier et al. (2001) with the mean parametric values, this constant steady-state ratio is equal to 342. Table 2 shows that this value is only reached in the case of a chronic daily exposure. Even for a chronic ingestion of one MeHgcontaminated meal per week (see Figure 1b) , the hair-toblood ratio is not constant. Since the blood levels decrease during the days following ingestion, this ratio depends on the day of blood collection, varying during the week between 331 and 354.
Also from Table 2 , the hair-to-blood ratio is much lower if the collection is carried out on the termination day of MeHg exposure rather than if collection is carried out 1 month after. At 1 month after intake cessation, the ratio is close to a constant value because the hair and blood concentrations are changing at a similar rate. In fact, the hair-to-blood ratio does not necessarily depend on the duration of MeHg intakes when the biological matrices are collected 1 month or more following the end of exposure, and this is true even for the once a week exposure scenario. That ratio ranges from 406 to 431 (see Table 2 ). The total mercury concentrations in blood predicted by the model of Carrier et al. (2001) were not sensitive to the presumed variability of the transfer rates of organic and inorganic mercury from blood to hair because these transfer rates are relatively small compared to the other blood elimination rates. However, concentrations in hair were widely influenced by this variability; in fact, the total mercury levels in hair varied proportionally to the value of these blood-to-hair transfer rates. As can be verified from the results presented in Table 2 , this proportional response is true for any ingestion sequences and collection times. Also, this table shows that the exposure and sampling scenarios are more important in determining the hair-to-blood ratio than the values of the transfer rates of organic and inorganic mercury from blood to hair.
Reconstruction of MeHg Intakes in Indigenous Populations
Indigenous population from Canada The construction of past daily MeHg intakes in the 80 Inuvik women who supplied hair strands was estimated by adjusting possible intake rates until an intake profile coupled with the model kinetics yielded a fit to the measured total mercury concentrations in every consecutive segment of hair. The estimations of intake rates from the data of four exposed women in the cohort are illustrated in Figure 2a ; they show that there is a reasonable adjustment between the simulations of the model and the temporal profile of the mercury concentrations measured in the hair of these women. Good fits were also achieved from total mercury concentration measured in the hair of the other Inuvik women (results are not shown).
Comparison of the time profiles of intakes versus that of hair concentrations presented in Figure 2a illustrates the delay between the MeHg daily intake rates and the total mercury concentrations in hair. For example, MeHg daily intake has to increase substantially before the appearance of a detectable increase in the hair segment. This time delay between intake rates and hair concentrations stems from an important mechanism at work: rising intake results in rapid rise in blood concentration (days), but blood concentration needs to be high for a substantial amount of time (weeks) before the monthly average of blood-hair root contact, represented in a cm of hair, can rise similarly. The dose rate reconstructions and the measurements of the total mercury concentration in the hair segments in Figure 2a show wide variations in the monthly levels of exposure; in none of the Inuvik women was steady state ever attained.
For each of the 80 women who provided a hair sample, the reconstructed time profile of MeHg daily intakes allows estimation of their average MeHg daily intake for each of the pregnancy trimesters. Descriptive statistics on these intakes are presented in Table 3 . Only 60 women supplied hair strands long enough to estimate the past exposure to MeHg during the first trimester of pregnancy. There is, on average, little difference between MeHg ingested during the trimesters.
In Table 3 , descriptive statistics are presented for the average MeHg daily intakes estimated from the dietary questionnaire of the 69 women who responded to the questionnaire among the 80 women providing hair strands. The estimates of the MeHg consumption based on the questionnaire were much higher than the ones based on the previously described reconstruction of intakes from the total mercury concentrations in consecutive segments of hair. In fact, the questionnaire gave higher intake estimations in 58 women of the group of 69. For example, the questionnaire estimated an average daily intake of 2.73 mg of MeHg/kg BW for a given woman, whereas the highest daily intake based on her reconstructed time profile is 0.02 mg of The ratios were estimated from the Carrier et al. (2001) model using the parametric values presented by these authors. A variation of 750% on the transfer rate of organic and inorganic from blood to hair yields a range of hair-to-blood ratios (within parentheses).
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At the end of this exposure, the steady-state conditions are reached, but these conditions are lost at times after exposure ceases.
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MeHg/kg BW. However, for the woman having the highest mercury levels in her hair, average daily intake estimated by the questionnaire is less than half of the intakes reconstructed with the model. Also, the woman with the highest daily intake as estimated by the questionnaire presented no detectable mercury in her hair. Figure 2b presents, for four women in the Inuvik cohort, the model simulations of the temporal profile of their total mercury concentration in blood as well as the concentration measured in the maternal blood sample collected after childbirth. These blood concentration simulations were determined using the model kinetics and the reconstructed time profile of MeHg daily intakes based on the observed concentrations in the consecutive segments of hair strands, independent of the mercury levels in blood. Figure 2b shows that the simulated values for concentrations of mercury in blood at the moment of childbirth are close to the values measured in the collected blood. Figure 3 presents the relation between the simulated (x) and measured (y) total mercury concentrations in blood for the 16 Inuvik women having total mercury concentrations in the proximal cm of hair above the detection limit. The points are fairly close to the plotted line of a would be perfect simulation (y ¼ x). A regression for the linear function log(y) ¼ m log(x) was carried out by the least-squares method on the logarithms of the measured and simulated blood concentrations. The logarithm was used to avoid distortion of fit from high values because the difference between the lower and higher concentrations (the measured as well as the simulated) is more than one order of magnitude. The slope estimator (m) is 0.86 and the 95% confidence interval of this estimator is CI (95%) ¼ (0.69, 1.02). The determination coefficient (r 2 ) of this regression is 0.90.
Indigenous population from Brazil
The adjustments of the model simulations on the mercury concentrations measured in every segment of hair allowed reconstruction of the variations in daily MeHg intakes for the 20 selected Amazonian aboriginals. Figure 4 presents the results of only two simulations carried out: for the two participants among 20 providing hair strands long enough to backcalculate the MeHg daily intakes for 16 months. This figure shows that a good fit can be obtained between the model simulations and the measured values, which was also the case for the other 18 aboriginals (results not shown). Figure 3 . Comparison between measured and simulated total mercury concentration in blood (mg/l) for the 16 women from the Inuvik cohort with mercury levels in the proximal cm of hair above the detection limit (Walker et al., 2002) . The simulated value for each woman was obtained using the model of Carrier et al. (2001) in combination with their measured time profile of total mercury concentration in hair. The line (F) represents the linear equation y ¼ x. Estimated by optimal adjustment of the simulations based on the Carrier et al. (2001) model to fit the data on the mercury concentration in each consecutive cm of the hair strand. (Lebel et al., 1998; Dolbec et al., 2001) .
A comparison between the temporal profile of the mercury concentrations in hair and that of daily MeHg intakes illustrates again the delay between the variations of these two quantities. Also, as for the Inuvik women, the monthly levels of MeHg exposure vary, so steady-state assumptions are also not in order here. The variations in MeHg levels for Amazon natives have been previously reported by Lebel et al. (1997) and by Dolbec et al. (2001) . These authors conclude that the variations are mostly due to different MeHg content within the types of fish caught during the dry season and the ones consumed during the rainy season.
Discussion
The toxicokinetic model of Carrier et al. (2001) was developed for the purpose of simulating the fate of organic and inorganic mercury in humans exposed to MeHg via the dietary route. It allows bilateral links between the MeHg daily intake and the mercury concentration in blood and hair samples collected at any given time following the onset of any MeHg ingestion period.
Main Factors Governing MeHg Levels of Biomarkers
Owing to the relatively long elimination half-life of MeHg, the duration of exposure has an important influence on biomarker levels. The model simulations of total mercury concentrations in blood as well as in hair showed that the MeHg daily intake necessary to attain a specified maximum concentration has to be much higher for an exposure of short duration (days or weeks) than for a chronic or extended exposure of several months. For example, simulations show that, after ingesting each day for 1 week an MeHgcontaminated meal, the MeHg blood level would be just 10% of the level reached at steady state under identical daily intakes. Only after 21 months of constant identical daily intakes are the conditions for steady state met; these conditions are rarely met in real-life situations. Hence, there are dangers of severely biased estimations if steady state is assumed. The impact of temporal exposure scenarios may help explain the large study-to-study difference between uncontrolled and controlled intake studies with regard to the ratio: ''mercury blood concentration/MeHg daily intake'' (Sherlock and Quinn, 1988; WHO, 1990) ; these studies often surmise that the fish-eating populations are exposed to MeHg under steady-state conditions, which is not the case.
As already mentioned, interindividual variability in the MeHg blood elimination half-life was observed in controlled intake studies (Miettinen et al., 1971; Kershaw et al., 1980; Sherlock et al., 1984; Smith et al., 1994) . In the present study, the impact of this variation on the biomarker levels was investigated for different durations of MeHg daily intakes. Under chronic exposure, the simulated maximum total mercury concentrations in blood and in hair are about twice as high when the elimination half-life of MeHg in blood is put equal to 70 days in comparison to 39 days. However, the consequences of this variation are much less important if the daily exposure has only occurred for a short period (see Table 1 ).
In addition to the interindividual variability observed in MeHg blood elimination half-lives and in mercury hair-toblood ratio, there is study-to-study variations in the observed hair-to-blood ratio: the mean hair-to-blood ratio reported by the observational and controlling dosage studies vary between 140 and 370 (FAO, 2003) . However, these ratios must be interpreted very cautiously; as presented in Table 2 , this wide range may stem mainly from differences regarding the exposure scenarios and sampling procedures. The variability due to the sampling procedure was observed in the study of Kershaw et al. (1980) where volunteers had ingested a single MeHg-contaminated meal. These authors measured the total mercury concentration in blood sample and in 0.5-cm proximal segment of hair for each 2 weeks following the ingestion; a 95% confidence range of 224-476 for the ratio was calculated for a volunteer who provided six blood and six hair samples. Nevertheless, model simulations show that the variations produced by the exposure durations become negligible when the sampling procedure is carried out 1 month after exposure cessation (see Table 2 ). Therefore, to assess interindividual variability in the hair-to-blood ratio, blood and hair samples should be collected 1 month after cessation of MeHg exposure and the concentration in hair should be based on the proximal segment of the hair strand.
Reconstruction of MeHg Intakes in Indigenous Populations
Using the model of Carrier et al. (2001) , it was possible to reconstruct the temporal profiles of MeHg daily intakes of pregnant women in the Inuvik region starting from the total mercury concentration in each segment of the hair strand. Consequently, the reconstruction does not require the knowledge of the amounts of contaminated food consumed and their respective MeHg concentrations. While there is variability in the parameters of the MeHg kinetics (Stern, 1997; Clewell et al., 1999) , the set of the mean parametric values from Carrier et al. (2001) allows for good predictive values of intake estimates, using as indirect validation the comparison between the simulated and measured concentrations of total mercury in the blood samples of the 16 women at childbirth (see Figure 3 ). Despite these encouraging results, there still exist uncertainties concerning the real-time profile of MeHg intakes because the intra-and interindividual variability in the kinetics of MeHg, in the blood volume and in the hair growth rate were not accounted for in the modeling. There is also a possible imprecision in mercury measurements in hair.
When reconstructing the time profiles of the MeHg intakes, the variability in the model parameter values can, however, be considered. In fact, a range of MeHg daily intakes could be obtained by adjusting the model simulations to the hair concentrations using different MeHg blood elimination rates and transfer rates of the organic and inorganic mercury from blood to hair. Time profiles of the MeHg intakes of the 16 women with detectable mercury levels in the proximal cm of hair were estimated by the model simulations with parametric values for the blood elimination half-life of MeHg at the extremes of the likely range, either 39 or 70 days. With the slower elimination rate (70 days), the estimates of MeHg intakes were reduced by factors ranging between 1.1 and 1.5 compared to the 50-day half-life, whereas they were multiplied by factors between 1.1 and 1.3 with the faster elimination rate (39 days). To assess the impact of variability in the transfer rate of organic and inorganic mercury from blood to hair, a range of MeHg daily intakes was back-calculated for each of these 16 women, using the mean transfer rate values 750%. This range of estimated intakes for a given women was then applied to predict an interval for her total mercury concentration in blood at delivery. It was found that the measured values of these blood concentrations were all within the simulated intervals.
Even with the above-mentioned uncertainties, the MeHg intakes estimated by adjusting the model to the measured total mercury levels in the hair strands collected from the Inuvik women seem more accurate than the estimates based on their answers to the dietary questionnaire. In fact, the method proposed provides coherence between the reconstructed MeHg intakes and the measured biomarker levels, whereas there are important inconsistencies between the questionnaire estimations and the amounts of total mercury measured in biological matrices. These inconsistencies, as reported in the Results section, lead one to doubt any inferences based on questionnaires. These dietary estimations are probably biased by inaccurate recollection of the frequency of fish and sea mammal consumption and from variations in the MeHg amounts in traditional/country foods collected in different areas. These biases can have significant impact when assessing health risks related to MeHg ingestion. For instance, the average daily MeHg intakes reconstructed by the model are much lower than 0.2 mg/kg BW, the value recommended by Health Canada (1998), whereas the ones estimated by the dietary questionnaire are close to this recommended value (see Table 3 ). Even when the extreme variability of both the MeHg blood elimination half-life and the hair-to-blood ratio are taken in, the estimated MeHg daily intakes reconstructed using the model by fitting on hair strand data was lower than the one estimated through the questionnaires for almost all women.
The back-calculations of the MeHg daily intakes based on the total mercury concentration in hair strands are applicable to a large range of MeHg exposures. Applied to data collected from the populations of the Amazon, the backcalculations show that the most exposed aboriginal in that cohort presented a mercury concentration in the hair about seven times higher than the most exposed woman in the Inuvik cohort.
Conclusion
The results reported in this study may be useful in the design of further biomonitoring studies. Most important, the probable time duration of MeHg exposure should be carefully established when back-calculating with a model the MeHg intakes through the total mercury measured in the biological matrices. It was shown in the present study that mercury concentrations in every one-cm segment of hair are best to provide indications of the historical exposure to MeHg; hence, biomonitoring studies should give priority to hair sampling. The fit between the time profiles of MeHg hair concentrations simulated by the toxicokinetic model of Carrier et al. (2001) and the observed hair concentrations allows good estimates of the daily intakes during the exposure period to the extent of the length of the hair strand. However, if the collected hair strand is not long enough, a dietary questionnaire about eating habits could be distributed to the exposed individuals just to decide whether the intake was constant, intermittent or acute. This questionnaire does not need to quantify the daily MeHg intake; it is only important to know the period during which the individual might have consumed contaminated food.
An important advantage of collecting hair strands to monitor the MeHg exposure is that the total mercury concentration in a one-cm segment is not substantially influenced by the most recent contaminated meal, contrary to the concentration in blood samples. According to the temporal profiles of the total mercury concentration in blood of volunteers in the study of Kershaw et al. (1980) , the mercury level in blood is in equilibrium with the one in tissues after 30-40 h following the ingestion of a fish meal contaminated with MeHg. This implies that the mercury distribution from the blood to tissues is complete after this period without MeHg exposure. Thus, field workers collecting blood samples should ask the exposed individuals beforehand not to consume foods that might have been contaminated with MeHg for at least 2 days prior to the blood test.
